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the E6 C -Terminal DNA-Binding Domain 
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AB E6 is a viral oncoprotein implicated in cervical cancers, produced by 
high-risk human papillomaviruses (HPVs) . Structural data 
concerning this protein are scarce due to the difficulty of producing 
recombinant E6. Recently, we described the expression and purifn. of a 
stable, folded, and biol . active HPV16 E6 mutant called E6 6C/6S. Here, 
we analyzed the domain substructure of this mutated E6 . Nonspecific 
proteolysis of full-length E6 6C/6S (158 residues) yielded N-terminal and 
C-terminal fragments encompassing residues 7-83 and 87-158, resp. The 
C-terminal fragment of residues 87-158 was cloned, overexpressed, and 
purified at concns . as high as 1 mM. The purified domain retains the 
selective four-way DNA junction recognition activity of the full-length E6 
protein. Using UV absorption, UV fluorescence, CD, and NMR, we 
show that the peptide is primarily monomeric and folded with equal 
proportions of . alpha . -helix and .beta. -sheet secondary structure. 
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AB NMR methods for identifying sites in a DNA- 

binding and dimerization domain of a papillomavirus E2 

protein are disclosed. Preferably the sites are ligand binding sites. 
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TI DNA tightens the dimeric DNA-binding domain of human 

papillomavirus E2 protein without changes in volume 
AU Lima, Luis Mauricio T. R. ; Foguel, Debora; Silva, Jerson L. 
CS Departamento de Medicamentos , Faculdade de Farmacia, Universidade Federal 

do Rio de Janeiro, Rio de Janeiro, 21941-590, Brazil 
SO Proceedings of the National Academy of Sciences of the United States of 
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AB The recognition of palindromic specific DNA sequences by the human 
papillomavirus (HPV) E2 proteins is responsible for regulation of 
virus transcription. The dimeric E2 DNA-binding 

domain of HPV-16 (E2c) dissocs. into a partially folded state under high 
hydrostatic pressure. We show here that pressure-induced monomers of E2c 
are highly structured, as evidenced by NMR hydrogen -deuterium 
exchange measurements. On binding to both specific and nonspecific DNA, 
E2c becomes stable against pressure. Competitive binding studies using 
fluorescence polarization of f luorescein-labeled DNA demonstrate the 
reversibility of the specific binding. To assess the thermodn. parameters 
for the linkage between protein dissocn. and DNA binding 
, urea denaturation curves were obtained at different pressures in the 
presence of specific and nonspecific DNA sequences. The change in free 
energy on denaturation fell linearly with increase in pressure for both 
protein-DNA complexes, and the measured vol. change was similar to that 
obtained for E2c alone. The data show that the free energy of dissocn. 
increases when E2c binds to a nonspecific DNA sequence but increases even 
more when the protein binds to the specific DNA sequence. Thus, specific 
complexes are tighter but do not entail variation in the vol. change. The 
thermodn. data indicate that DNA-bound E2c dissocs. into monomers bound to 
DNA. The existence of monomeric units of E2c bound to DNA may have 
implications for the formation of DNA loops, as an addnl . target for viral 
and host factors binding to the loosely assocd. dimer of the N-terminal 
module of the E2 protein. 
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Relaxation Analysis of the C-Terminal KH Domain of Heterogeneous Nuclear 

Ribonucleoprotein K 
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AB The K homol . (KH) motif is one of the major classes of nucleic acid 

binding proteins. Some members of this family have been shown to interact 
with DNA while others have RNA targets. There have been no reports contg. 
direct exptl. evidence regarding the nature of KH module-DNA interaction. 
In this study, the interaction of the C-terminal KH domain of 
heterogeneous nuclear ribonucleoprotein K (KH3) with it's cognate 
single-stranded DNA (ssDNA) are investigated. Chem. shift perturbation 
mapping indicates that the first two helixes, the conserved GxxG loop, 
.beta.l, and .beta. 2, are the primary regions involved in DNA 
binding for KH3 . The nature of the KH3 -ssDNA interaction is 
further illuminated by a comparison of backbone 15N relaxation data for 
the bound and unbound KH3 . Relaxation data are also used to confirm that 
the backbone of wild-type KH3 is structurally identical to that of the 
G26R mutant KH3 , which was previously published. Amide proton exchange 
expts . indicate that the two helixes involved in DNA 
binding are less stable than other regions of secondary structure 
and that a large portion of KH3 backbone amide hydrogens are protected in 
some manner upon ssDNA binding. The major backbone dynamics features of 
KH3 are similar to those of the structurally comparable human 
papillomavirus -31 E2 DNA binding domain. 

Secondary structure information for ssDNA-bound wild-type KH3 is also 
presented and shows that binding results in no global changes in the 
protein fold. 
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denatured state of the human papillomavirus E2 DNA 
binding domain 
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AB The dimeric .beta . -barrel is a characteristic topol. initially found in 
the transcriptional regulatory domain of the E2 DNA 
binding domain from papillomaviruses. We have 

previously described the kinetic folding mechanism of the human HPV-16 
domain, and, as part of these studies, we present a structural 
characterization of the urea-denatured state of the protein. We have 
obtained a set of chem. shift assignments for the C-terminal domain in 
urea using heteronuclear KMR methods and found regions with 
persistent residual structure. Based on chem. shift deviations from 
random coil values, 3JNHN.alpha. coupling consts., heteronuclear single 
quantum coherence peak intensities, and nuclear Overhauser effect data, we 
have detd. clusters of residual structure in regions corresponding to the 
DNA binding helix and the second .beta . -strand in the 
folded conformation. Most of the structures found are of non-native 
nature, including turn-like conformations. Urea denaturation at equil. 
displayed a loss in protein concn. dependence, in abs. parallel to a 
similar deviation obsd. in the folding rate const, from kinetic expts. 
These results strongly suggest an alternative folding pathway in which a 
dimeric intermediate is formed and the rate -limiting step becomes first 
order at high protein concns . The structural elements found in the 
denatured state would collide to yield productive interactions, 
establishing an intermol. folding nucleus at high protein concns. We 



discuss our results in terms of the folding mechanism of this particular 
topol. in an attempt to contribute to a better understanding of the 
folding of dimers in general and intertwined dimeric proteins such as 
transcription factors in particular. 
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TI Structural Correlates for Enhanced Stability in the E2 DNA- 

Binding Domain from Bovine Papillomavirus 
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AB Papillomaviral E2 proteins participate in viral DNA replication and 

transcriptional regulation. We have solved the soln. structure of the 
DNA-binding domain of the E2 protein from bovine 

papillomavirus (BPV-1) . The structure calcn, used 2222 distance 
and 158 dihedral angle restraints for the homodimer (202 residues in 
total) , which were derived from homonuclear and heteronuclear 
multidimensional NMR (NMR) spectroscopic data. The 

root -mean- square deviation for structured regions of the monomer when 
superimposed to the av. is 0,73 . +-. 0.10 .ANG. for backbone atoms and 
1.42 . +-. 0.16 .ANG. for heavy atoms. The 101 residue construct used in 
this study (residues 310-410) is about 4.5 kcal/mol more stable than a 
minimal domain comprising the C-terminal 85 amino acid residues (residues 
326-410) . The structure of the core domain contained within BPV-1 E2 is 
similar to the corresponding regions of other papillomaviral E2 proteins. 
Here, however, the extra N- terminal 16 residues form a flap that covers a 
cavity at the dimer interface and play a role in DNA 
binding. Interactions between residues in the N-terminal 

extension and the core domain correlate with the greater stability of the 
longer form of the protein relative to the minimal domain. 
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AB Among it's many reported functions, heterogeneous nuclear 

ribonucleoprotein (hnRNP) K is a transcription factor for the c-myc gene, 
a proto-oncogene crit. for the regulation of cell growth and 
differentiation. We have detd. the soln. structure of the Gly26 Arg 
mutant of the C-terminal K-homol . (KH) domain of hnRNP K by NMR 
spectroscopy. This is the first structure investigation of hnRNP K. 
Backbone residual dipolar couplings, which provide information that is 
fundamentally different from the std. NOE-derived distance restraints, 



were employed to improve structure quality. An independent assessment of 
structure quality was achieved by comparing the backbone 15N T1/T2 ratios 
to the calcd. structures. The C- terminal KH module of hnRNP K (KH3) is 
revealed to be a three -stranded .beta. -sheet stacked against three 
.alpha. -helixes, two of which are nearly parallel to the strands of the 
.beta. -sheet . The Gly26 Arg mutation abolishes single -stranded 
DNA binding without altering the overall fold of the 

protein. This provides a clue to possible nucleotide binding sites of 
KH3 . It appears unlikely that the solvent -exposed side of the 
.beta. -sheet will be the site of protein-nucleic acid complex formation. 
This is in contrast to the earlier theme for protein-RNA complexes 
incorporating proteins structurally similar to KH3 . We propose that the 
surface of KH3 that interacts with nucleic acid is comparable to the 
region of DNA interaction for the double -stranded DNA- 
binding domain of bovine papillomavirus -1 E2 that has a 

three-dimensional fold similar to that of KH3 . (c) 1999 Academic Press. 
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AB NMR expts . were run on bovine papillomavirus BPV-1 E2 

protein which was unlabeled or labeled with 15N or 13C. Backbone, 
side-chain proton, and chem. shift assignments were obtained. 
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AB The E2 protein is required for the replication of human 

papillomaviruses (HPVs) , which are responsible for anogenital 
warts and cervical carcinomas. Using an NMR-based screen, we 
tested compds . for binding to the DNA-binding domain 

of the HPV-E2 protein. Three classes of compds. were identified which 
bound to two distinct sites on the protein. Biphenyl and biphenyl ether 
compds. contg. a carboxylic acid bind to a site near the DNA recognition 
helix and inhibit the binding of E2 to DNA. Benzophenone - contg . compds. 
which lack a carboxylic acid group bind to the .beta . -barrel formed by the 
dimer interface and exhibit negligible effects on the binding of E2 to 



DNA. Structure-activity relationships from the biphenyl and biphenyl 
ether compds . were combined to produce a compd. [5 - (3 • - (3 ■ ' , 5 1 ' - 
dichlorophenoxy) phenyl) -2 , 4-pentadienoic acid] with an IC50 value of 
approx. 10 .mu.M. This compd. represents a useful lead for the 
development of antiviral agents that interfere with HPV replication and 
further illustrates the usefulness of the SAR by NMR method in 
the drug discovery process. 
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AB The three-dimensional structure of the DNA-binding 

domain of the E2 protein from human papillomavirus -31 was detd. 

by using multidimensional heteronuclear NMR spectroscopy* A 

total of 1429 NMR-derived distance and dihedral angle restraints 

were obtained for each of the 83 -residue subunits of this sym. dimer. The 

av. root mean square deviations of 2 0 structures calcd. using a distance 

geometry- simulated annealing protocol are 0.59 and 0.90 .ANG. for the 

backbone and all heavy atoms, resp., for residues 2-83. The structure of 

the human virus protein free in soln. consists of an eight -stranded 

.beta. -barrel and two pairs of . alpha . -helixes . Although the overall fold 

of the protein is similar to the crystal structure of the bovine 

papillomavirus -1 E2 protein when complexed to DNA, several small 

but interesting differences were obsd. between these two structures at the 

subunit interface. In addn., a .beta . -hairpin that contacts DNA in the 

crystal structure of the protein-DNA complex is disordered in the 

NMR structures, and steady-state 1H-15N heteronuclear NOE 

measurements indicate that this region is highly mobile in the absence of 

DNA. The recognition helix also appears to be flexible, as evidenced by 

fast amide exchange rates. This phenomenon has also been obsd. for a no. 

of other DNA-binding proteins and may constitute a 

common theme in protein/DNA recognition. 
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AB The oxidized form of the mercuric ion binding protein MerP has been 
studied by two-dimensional NMR. In this work, the 1H 
NMR spectrum of oxidized MerP (closed disulfide bridge) has been 
assigned by using homonuclear 2D NMR techniques. The secondary 
structure and global fold have been inferred from the nuclear Overhauser 
effect (NOE) data. The secondary structure comprises four .beta . -strands 



and two . alpha . -helixes , in the order .beta . 1 . alpha . 1 .beta . 2 .beta . 3 . alpha . 

2. beta. 4. The protein folds into an antiparallel .beta. -sheet , 

.beta . 2 .beta . 3 .beta. 1 .beta. 4 , with the two antiparallel helixes on one 

side of the sheet. The folding topol . is similar to that of 

acylphosphatase , the activation domain of porcine pancreatic 

procarboxypeptidase B, the DNA-binding domain of 

bovine papillomavirus -1 E2 and the RNA-binding domains of the Ul 

snRNP A and hnRNP C proteins. However, there is no structural similarity 

between MerP and other bacterial periplasmic binding proteins . 



